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Abstract: Located in the Eastern Anatolian Region in Turkey, the Munzur Mountains (Munzurs; 3463 m above sea level) are one of the
most important glacial landscapes in Turkey, with evidence for extensive glaciations in the past and small-scale glaciation at present.
As Turkey’s second-largest glaciated region, these mountains include various glacial landforms, primarily glacial valleys, hanging
valleys, cirques, and moraines. However, only limited data are available on the extent and chronology of former glaciations in the
Munzur Mountains. This study produced data on the extent of paleoglaciers, calculated their equilibrium line altitudes (ELAs), revealed
paleoclimate conditions, and modeled paleo temperatures during maximum ice extent using numerically derived reconstruction
methods (GlaRe and ELA calculation tools) based on geomorphic evidence. The major glacial landforms were first mapped in detail
before the reconstruction. Six hundred and eighty cirques and 30 glaciated valleys were identified. Paleoglaciers did not override the
entire mountains, however, valley glaciers converged where topographic conditions were suitable.The maximum extent of glaciation
covered an area of ca. 600 km2. The largest glacier was ca. 19 km in length. Moreover, 15 of the valley glaciers were over 10 km in
length. Their average thickness was 75 m, and the maximum glacial thickness, in the Eastern Munzurs, was found to be ca. 300 m. The
total volume of ice reached ca. 45 km3. The paleoglaciers reached as low as 1350 m above sea level. The average ELA was calculated
approximately 2600 m above sea level, indicating an equilibrium line altitude depression of 1000–1100 m. The paleotemperatures,
estimated based on different scenarios at the time of the maximum extent of Munzur glaciers, were 8–10 °C lower than today. The
mountains experienced an increase in precipitation through this period with respect to the current precipitation scheme.
Key words: Anatolia, glacier modeling, geomorphology, equilibrium line altitude, paleoclimate, GlaRe

1. Introduction
Glacier reconstruction is an attempt to establish the
marginal limits of ice masses during any given period
including environmental changes in a glaciated area (Pearce
et al., 2017). These reconstructions are important as they
offer essential information regarding the extension and
dynamics of paleoglaciers. Reconstructing the extensions
and dynamics of paleoglaciers enables the estimation of
equilibrium line altitudes (ELAs) and past climate variables.
Thus, this makes former glaciers a significant climate proxy
to understand past climates (Ballantyne, 2007; Carr et al.,
2010; Clark et al., 2012; Pearce et al., 2017).
The Munzur Mountains (hereafter the Munzurs)
have evidence of past and present glacial activity. The
mountains were presumably subjected to repeated phases
of glaciation during the cold periods in the Quaternary
(Bilgin, 1972). The geomorphological legacy of these
activities is preserved as widespread glacial landforms
such as cirque, glacier valley, trimline, roche moutonée,
and moraine. Louis (1944) first mentioned the existence

of glacial features in the Munzurs. Subsequently, Akkan
(1964) highlighted the existence of glacier landforms
such as glacial cirques and valleys on the north-facing
slopes. Bilgin (1972) comprehensively studied glacial and
periglacial activity in the mountains for the first time.
The study was focused on the east and central section of
the mountains including the Mercan Mountains but not
the Western Munzur. Based on observations and initial
descriptions of glacial landforms, this study provides a
detailed map of the distribution of glacial landforms and
deposits. However, the study does not provide evidence
of modern glaciers and the timing of past glaciations, it
merely attributes the glacial sequence formed during the
advance and retreat phases of the last cold period such as
Würmian I and II (Penck and Brückner, 1909).
Recent studies based on the remote sensing analysis of
high-resolution topographic data revealed the existence
of glaciers in the Munzurs (Sarıkaya et al., 2011; Yeşilyurt,
2012; Bayrakdar et al., 2015). Sarıkaya et al. (2011)
identified 13 small cirque glaciers (<0.1 km2). Bayrakdar
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et al. (2015) demonstrated the existence of the Şahintaşı
cirque glacier based on remote sensing and glacial
geomorphology in the field.
Despite numerous studies focused on the
geomorphology and chronology of glacial mountains in
Turkey (e.g., Messerli, 1967; Bilgin, 1972; Kurter, 1991;
Çiner, 2003; Akçar et al., 2007, 2008, 2014, 2017; Zahno
et al., 2009, 2010; Zreda et al., 2011; Sarıkaya et al., 2011;
Reber et al., 2014; Sarıkaya and Çiner, 2015a, 2015b),such
studies in eastern Turkey are still limited. Thus, there are few
studies that reveal the extent of glaciations in the Munzurs
and 3D glacier modelings based on glacial evidence are not
available. In this study, we aimed to reconstruct paleo-ice
masses with their extent, size, surface area, thickness, and
volume, calculate the equilibrium line altitude (ELA), and
estimate the paleotemperature of the Munzurs when the
glaciers reached the most extensive limits. In this regard,
we used a GIS tool (GlaRe) to reconstruct the 3D surface
of paleoglaciers based on glacial evidence. This study is the
first attempt to model paleoglaciers in 3D in eastern Turkey.

2. Regional setting
2.1. Geographic setting
The Munzurs (39.4934°N, 39.1669°E) are geographically
located between the provinces of Erzincan and Tunceli in
eastern Anatolia, Turkey (Figure 1). The Munzurs are a
massive mountain range belonging to the eastern Taurus
orogenic belt and extending as far as 120 km along the
west-southwest–east-northeast (WSW–ENE) direction
and typically having a width of approximately 25 km from
south to north covering an area of approximately 2500
km2 and reaching an elevation of 3463 m above sea level
(a.s.l.) at Akbaba Peak. Between the tectonic depressions
of Erzincan (1100–1200 m a.s.l.) at the north and Ovacık
(1200–1300 m a.s.l.) at the south, the Munzurs appear as a
higher and rugged alpine terrain consisting of high ridges,
erosional surfaces, karst plateaus, and deeply dissected
valleys. The range rises rapidly from these tectonic
depressions and contains peaks of heights over 3000 m
a.s.l. The main watershed of the Munzurs separates the
catchments drained by the tributaries of the Euphrates

Figure 1. Location of the Munzurs.
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Figure 2. (a) Şahintaşı and (b) Harami glaciers.

River (the Karasu River) to the north and the Munzur River
to the south. The relative relief from these depressions to
peaks is approximately 2000–2200 m a.s.l.
The Munzurs can be divided into three sections–east,
central, and west (Figure 1), all of which comprise small
glaciers found within the well-developed cirques above
2900 m a.s.l. (Figure 2).
Geologically, the mountains are in the northeastern part
of the Taurus Orogenic Belt and show the characteristics of
Alpine Orogeny. The Munzur limestone unit is primarily
formed by shelf-type carbonates deposited in a long span
of the Mesozoic Era (Triassic–Cretaceous). Normal faults
run along the northeastern and southern flanks owing to
active tectonics bordering the Munzurs (Özgül, 1981).
The climate of the Munzurs has been studied
and classified by several authors, e.g., Turkish State
Meteorological Service,Türkeş (2010),Türkeş and Tatlı
(2011). According to the Turkish State Meteorological
Service (TSMS), climate classifications performed using
the Thornthwaite, De Martonne, and Erinç methods, in
which precipitation is the main parameter, the region is
classified as a subhumid climate zone1*. In addition, Türkeş
(2010) included the region in the humid continental climate
type (D). This climatic classification is generally included
in the humid zone. In this zone, the average temperature of
the warmest month is below 10 °C and that of the coldest
month is below 0 °C with extreme cold weather some
winters. In addition, Türkeş and Tatlı (2011) classified
the region as a climate with very cold winters and mild
summers based on precipitation regimes. Furthermore,
in the study, the climate of the mountain is classified as
a continental regime with occurrences of quite dominant
snow in winter (e.g., January average snow days between
1

1984–1990 was eight days in the Ovacık meteorological
station according to TSMS). The Munzurs receive
orographic precipitation in spring and early summer and
frontal rainfall brought by the southwesterlies, especially
during the winter (Türkeş, 1996; Bayrakdar et al., 2015).
Therefore, the southern slopes of the mountains receive
twice as much precipitation as the northern slopes. For
example, annual rainfall is 378 mm in Erzincan and 372
mm in Kemah, while it is 898 mm in Ovacık (Table 1).
When the rainfall is extrapolated over the mountains using
the Schreiber method (Dönmez, 1990) with reference
to the Ovacık Station, the annual precipitation reaches
approximately 2000 mm at an elevation of 3400 m a.s.l.
2.2. Glacial geomorphology
According to Bilgin (1972), the present ELA was calculated
to be between 3600 and 3700 m, but the ELA of the cold
periods descended to ~2750 m, thus creating an ELA
depression of 850–950 m below the modern ELA. The
glacial chronology of the Munzurs has not been completely
revealed, but samples have been gathered from the lateral
moraines of Karagöl Valley for cosmogenic 36Cl surface
exposure dating by Yeşilyurt et al. (2017). According to
the initial results, the first glacial advance was most likely
before around 36 ka ago in Karagöl Valley. The second
phase occurred during the global Last Glacial Maximum
(LGM; 22.1 + 4.3 ka in the northern hemisphere) (Shakun
and Carlson 2010), and the last in the late glacial period
(~16 ka ago) (Yeşilyurt et al., 2017).
Glaciations in the Munzurs are in the style of a
topographically controlled cirque and valley glaciations
(Bilgin, 1972; Turoğlu, 2011; Çılğın, 2013) (Figure 3).
Glacial valleys had existed in the form of fluvial valleys in
the preglacier periods and with the initiation of glaciation

TSMS (2019). Türkiye İklim Sınıflandırması [online]. Website https://mgm.gov.tr/iklim/iklim-siniflandirmalari.aspx [accessed 10 March 2019].
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Table 1. Average monthly rainfall of Erzincan, Kemah, and Ovacık meteorology stations (mm) (data gathered from TSMS).
1

2

3

4

5

6

7

8

9

10

11

Erzincan (1216 m a.s.l.)

28

31.4

41.7

52.7

53.3

30.7

12.5

6.7

15

41.3

36.1 28.5

378

Kemah (1100 m a.s.l.)

31.6

26.8

34.3

52.8

47.5

27.6

13.6

8.2

11.8

42.3

43.8 32.6

372

Ovacık (1280 m a.s.l.)

121.2

134.9

140.4

111

105.9

17.4

5.9

1.4

23.9

68.9

59

108.1

898

Ergan Ski Center (2347 m a.s.l.)

77.1

43.2

99.4

132.3

220.4

45.9

8.5

5.6

41.4

38.1

31

66.2
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they transformed into glacial valleys and their slopes
were partially covered with scree during the postglacial
period (Bilgin, 1972). In addition, in suitable places
such as paleokarstic depressions (Çılğın et al., 2014) and
relatively flat surfaces, glaciers occupied more extensive
upland areas in the form of ice fields or plateau glaciers
such as the Meyvanlıgaban-Uzunçayır, Şoran-Sırım,
and Kurudere-Hiğdar areas (Figure 4). These icefields
came into existence through coalescing and merging of
numerous cirque glaciers located at higher elevations,
especially at approximately 3000 ma.s.l. These glaciers
covered broad uplands, and they received ice masses from
overlying cirque glaciers. Moreover, valley glaciers were
cumulatively received masses via outward glacier flows
from all the above. Glacio-geomorphological evidence,
such as glacier valleys and moraines, indicates that glaciers
descended to 1600 m a.s.l. at the end of the14-km-long
Mercan glacial valley (Bilgin, 1972) and also below 1400
m a.s.l., where the glacier troughs terminated at the edge
of the Ovacık Plain (e.g., Aksu at 1350 m a.s.l., Karagöl at
1366 m a.s.l., Mağaradere at 1381 m a.s.l., Ziyaret at 1383
m a.s.l.,and Acemoğlu at 1385 m a.s.l.) (Çılğın, 2013). This
rare situation indicates that former glaciers of the Munzurs
descended at the lowest elevations known in Turkey after
the Aladağlar (e.g., ~900 m a.s.l.) (Zreda et al., 2011) and
the Bolkar Mountains (e.g., 1250–1300 m a.s.l.) (Altın and
Altın, 2005).
3. Materials and methods
3.1. Geomorphological mapping
Geomorphological mapping was performed using available
data sources of the study area consisting of 1:25,000 scaled
topo-maps, a digital elevation model (DEM) created from
10-m resolution contour lines, global positioning system
measurements, and Google Earth images and field studies
conducted in the summers of various years (between 2011
and 2017). Spatial analyses and 3D were used to create
a database with geographic information systems (GIS)
software (ArcGIS 10.2).
3.2. Glacier reconstruction
In paleoglacier reconstruction methods, morphological
evidence of the former glacier such as trimlines, lateral

12

Annual
sum

Months

and terminal moraines are required for both initiate
(iterative) and constrain (dynamic) models (Federici
et al., 2008; Lukas, 2006; Pellitero et al., 2016; Rea and
Evans, 2007). Furthermore, owing to paraglacial and
postglacial processes, glacial landforms have degraded
several glaciated areas. As a result, glacial features are often
absent or fragmentary, particularly in the accumulation
zone (Dawson, 1979; Pellitero et al., 2016). Therefore, the
appropriate approach for paleoglacier reconstruction is to
use numerically derived reconstruction methods using the
available land form evidence.
The numerical approach used in this study is based on
Nye’s (1952a, 1952b) constitutive equations for glacier flow
and comprises the creation of a glacier equilibrium profile
over the former subglacial bed. This method is based on
three assumptions (Pellitero et al., 2016):
i) The current topography is identical to that of the
paleoglacier.
ii)The reconstructed glacier was climatically balanced.
iii) The paleoglacier was terminated in the land surface.
In this study, we used a novel method presented
by Pellitero et al. (2016) for modeling ice thicknesses
under such circumstances; this method is called a glacier
reconstructions (GlaRe) tool. This new semiautomated
method is a Python-coded toolbox that works in ArgGIS.
It uses DEM for generating the glacier reconstruction.
The GlaRe tool uses a numerical approach to reconstruct
the geometry of the glaciers as long as their terminal
moraine or ice margin is known (Pellitero et al., 2016).
This approach is based on an iterative solution explained
by Benn and Hulton (2010) to the perfect plasticity
assumption for ice rheology and can even work with
minimal morphological evidence (i.e., the front position
of the paleoglacier, lateral moraine, or trimline). It is
suitable for the reconstruction of glaciers in the cirque and
valley as well as plateau-fed glaciers and small ice caps or
icefields (Pellitero et al., 2016). The GlaRe GIS tool enables
users to define three input parameters–the basal shear
stress (τ), shape factor (F), and interpolation procedure to
create an ice thickness from the bed topography along a
paleoglacier flow line by applying the standard ice flow law
and generating the 3D surface of the paleoglacier using
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Figure 3. Some glacial features in the Munzurs. (a) Karagöl Valley with smoothed surfaces and screes; (b) Glacial deposits on the floor
of the Kurudere Valley; (c) Harami Cirque in the Eastern Munzurs; (d) Hızır Cirque with a tarn in the Central Munzurs; (e) Moraines
and outwash plain at the end of the Karagöl Valley; (f) Lateral moraines at the end of the Aksu Valley.

multiple interpolation methods. According to Pellitero et
al. (2016), the GlaRe tool produced relatively small errors
according to the examples they present. For example, an
automatic F factor calculation reduces the error in volume
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to around 15% while user-defined cross-sections reduce
the error to <10%. The result for the surface displays a
similar pattern, 20% with no F factor, and ~6% when the F
factor is considered (Pellitero et al.,2016).
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Figure 4. (a) Upper part of Sırım glaciated area in the Eastern Munzur; (b) A paleokarstic depression in the Central Munzurs.

3.3. Paleo-ELA calculation
The ELA is the mean elevation of the points on a glacier’s
surface where the annual mass balance is zero (Porter,
2001). The ELA separates the accumulation and ablation
zone of a glacier, and it is approximately the same as the
snowline and represents the lower limit of the yearly
accumulation of snow (Cogley et al., 2011).The ELA is
indicative of the prevailing climate conditions and provides
a climate-sensitive measure to the extent of the paleoglacier (Kerschner et al., 1999). There are several ways
of estimating paleo-ELAs such as cirque floor altitude,
toe-to-summit altitude, median glacier elevation (MGE),
accumulation area ratio (AAR), and area-altitude balance
ratio (AABR). This study uses the AAR, AABR, and MGE
methods for estimating the paleo-ELAs of the Munzurs.
The estimate was made using the tool (ELA calculation)
implemented in ArcGIS for the automated calculation
of the ELA using either the AAR (including MGE) or
AABR methods and the generated paleoglacier surface
as input (Pellitero et al., 2015). The AAR method is the
most widely used for estimating the former ELAs because
among other methods it is one of the most appropriate
(Pellitero et al., 2015). The AAR method assumes that
a steady-state glacier’s accumulation area represents a
fixed ratio of its total area and is largely dependent on the
climatic conditions and the glacier’s mass balance gradient
(Pellitero et al., 2015). Steady-state glaciers typically
range between the ratios of 0.5 and 0.8 (González-Trueba
and Serrano, 2004). Furthermore, a 0.67 ratio for alpine
glaciers is a realistic value (Kern and Laszlo, 2010). The
AABR method is sometimes considered to be more
accurate than the AAR method because it is based on the
former glacier’s hypsometry and the ratio between the
gradients of accumulation and ablation (Osmaston, 2005;
Rea, 2009; Pellitero et al., 2015). AABR ratios in the 1.67–
2.2 range have typically been employed to estimate former

ELAs (Benn and Lehmkuhl, 2000; Benn and Ballantyne,
2005; Ballantyne, 2007). Rea (2009) empirically suggested
a given 1.69 general ratio of the AABR as the least error
provoking for all glaciers. Therefore, in this study, the
1.69 ratio is adopted for the Munzurs because of the
above explanations and because it is potentially close to
the calculated ratio of 1.6 obtained for the contemporary
European Alps glaciers (Rea, 2009). Besides, along with
the 1.69 ratio, the ELA has been calculated with ratios of
1.67 and 2.2 for comparison.
This study employs the automated ELA calculation
toolbox—a Python-based toolbox created to work in
ArcGIS developed by Pellitero et al. (2015) containing both
the AAR and AABR methods.The necessary initial input
for the calculation of this method is the reconstructed 3D
surface topography of the glacier in the raster datasets.
3.4. Paleoclimatic reconstruction
The relationship between temperature and precipitation
at the ELA is well established (Ohmura et al., 1992).
Different forms of the relationship facilitate paleoclimate
reconstruction using glacial evidence (Hughes and
Braithwaite, 2008). Ohmura et al. (1992) compiled a
global dataset of 70 glaciers spanning both hemispheres,
smoothing out regional variations in energy balance. The
globally averaged relationship between the annual rainfall
and mean summer temperature (for the months of June,
July, and August) at the ELA corresponds to the curve of
the polynomial regression derived by Ohmura et al.(1992)
and is defined as follows:
P = a+bT+cT²
where a = 645, b = 296, and c = 9, P is the water
equivalent annual precipitation (mm∙yr–1), and T is the
3-month mean summer temperature in °C at the ELA.
The standard error in estimation is 200 mm w.e. Although
the scatter of the points around the regression line is
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relatively narrow, it can be explained that it is largely due
to the different radiation conditions (Ohmura et al.,1992).
In this study, the above equation, reconstructed glacier
geometry, and calculated ELAs were used to estimate the
paleoclimatic conditions of the Munzurs. The temperature
and the amount of rainfall today are obtained from the
stations of the General Meteorology Directorate located
near the mountains (Tables 1 and 2). There is only one
meteorological station at the Ergan Ski Center on the
mountain that has recently come into service. In addition,
we used station data around the mountains such as
Erzincan (1218 m) and Kemah in the north, and Ovacık
(1260 m) in the south.The annual average temperatures of
the stations around the mountains are similar (Table 2). As
for precipitation, there is a strong asymmetry between the
stations of north and south. Stations found in the south of
the mountains have twice as much precipitation as those
in the North. We assert that the main rainfall pattern is
from the southwestern sector. We used the temperature
values of Erzincan (1216 m) and Ergan Ski Center (2347
m) meteorological stations found at various elevations and
close together (15 km) to calculate altitudinal temperature
change (temperature lapse rate) since there is only one
meteorological station on the mountains to offer such
calculations. We used the Ovacık meteorological station
data for extrapolating the precipitation. The reason for
selecting this station’s total rainfall is that in winter,
in particular, the humid air masses that result from
the Mediterranean Basin moving to the northeast are
confronted by and ascend over the southern slope of the
Munzurs, thus creating orographic rainfall (Bayrakdar et
al., 2015). The Schreiber formula was used to extrapolate
the precipitation value in the pELA (Dönmez, 1990).
Contemporary temperatures and precipitation derived
from meteorological stations are extrapolated to the pELA
for which the glaciers reached the maximum extent, and
the extrapolated temperature and rainfall of the pELA
were used in the formula of Ohmura et al. (1992) to obtain
the paleoclimate data.
4. Results
4.1. Geomorphological mapping
Nearly all landforms associated with mountain glaciation
are found in the Munzurs, such as glacial cirques, glacial
valleys, hanging valleys, horns, aretes, roche moutonnées,
scratches, trimlines, smoothed and polished surfaces,
moraines, and outwashes. However, glacial cirques
and valleys are the most prominent glacial landforms
(Figures 5 and 6). Including large tributaries, there are
more than 40 glacial valleys in the Munzurs. The longest
of these valleys is found in the Eastern Munzurs. The
Meyvanlıgaban-Uzunçayır glacier system (18.7 km) was
the Munzur Mountain’s longest system. The Mercan valley
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glacier (17.1 km) followed that system. The shortest valley
glaciers were found in the Western Munzurs, e.g., Pirhasan
(3881 m) and Başyazı (4723 m). The length of the 15 valley
glaciers in the Munzurs exceeds 10 km. Eleven of these 15
valley glaciers are in the Central Munzurs, where valley
glaciers are well developed owing to deeply incised valleys.
The Kurudere, Ziyaret, Karagöl, Mağaradere, and Aksu
valleys in the Central Munzurs extended in the southern
direction and ended in the Ovacık Plain. These valley
glaciers were generally fed from the combined cirques
glaciers that primarily grew the north-facing slopes.
However, these valleys are heading south because they are
part of the Munzur River catchment area in the south of
the mountain.
Glacial cirques are the most common glacial landform
in the Munzurs. Approximately 680 glacial cirques are
found in the Munzurs, and one or more of them are usually
located at the head of glacial valleys. However, they are
also found on the upper slopes of the glacial valleys, away
from cirque clusters and individually unrelated to a valley
system. The cirques in the Munzurs generally developed
on the slopes that face north, northeast, and northwest.
Occasionally, they develop on the slopes facing southeast,
southwest, and south, where the elevation is higher. There
are different types of cirques in the mountains according
to their form in plan such as simple, compound, staircase,
elongated, and cirque-in-cirque. Cirques are primarily
found in the deeply incised valleys of the Central Munzurs
and the Mercan Valley in the Eastern Munzurs. There are
49 cirques in the Mercan Valley alone. Moraines are seen
on the floor and in front of the cirques, on the bottom and
the slopes of glacial valleys, and at the lower limit of these
valleys. Lateral and terminal moraines can be observed
in places where the glacial valleys of Kurudere, Ziyaret,
Karagöl, Mağaradere, and Aksu end. Particularly, at the
end of the Karagöl Valley, the length of the right lateral
moraine exceeds 3 km (Figure 6). The vast outwash plains
spread across the valleys of Kurudere, Ziyaret, Karagöl,
Mağaradere, and Aksu. These outwash plains cover a large
part of the Ovacık plain with an area of approximately 58
km2.
4.2. Glacial reconstruction
The glaciers in the Munzurs were located between the
elevations of ~1350 m and ~3340 m. As a result of the
reconstruction, the glaciers covered an area of ~600 km2
and a volume of ~45 km3. The average glacial thickness
in the entire mountain range was estimated at 75 m and
reached a maximum thickness of 300 m in the Mercan
Valley (Table 3). The longest glacier system was the ~19
km long Meyvanlıgaban-Uzunçayır system in the Eastern
Munzurs (Figure 7).
The Eastern Munzurs glaciers covered an area of 250
km2 and reached a volume of 21 km3. The average glacier
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Table 2. Average monthly temperatures of Erzincan, Kemah, and Ovacık meteorology stations (°C)(data gathered from TSMS).
3

4

5

6

7

8

9

10

11

12

Annual
average

–3.1 –1.3

4

10.6

15.4

19.8

23.7

23.9

19.1

12.4

5.6

–0.3

10.8

Kemah (1100 m a.s.l.)

–4

–2.4

4.6

11.1

15.7

20

23.7

23.5

19.5

12.9

5.1

–0.5

10.8

Ovacık (1280 m a.s.l.)

–7

–4.6

1.9

9.2

13.9

19.6

24.2

25

19.6

11.9

4.2

–3.0

9.6

Ergan Ski Center (2347 m a.s.l.)

–8

–5

–3.9 2.3

7.6

11.7

15.5

16.8

12.4

6.1

1

–4.4

4.2

Months

1

Erzincan (1216 m a.s.l.)

2

Figure 5. Simplified glacio-geomorphological map of the Munzurs.

thickness in the area was 85 m (Figure 8). The glaciers in
the Eastern Munzurs were located between the elevations
of 1525 m and 3235 m (Table 4). The area contained
eight characteristic valley glaciers. While seven of these
glacial valleys were in the catchment area of the Karasu
River in the north of the main divide, the other valley
glacier was in the south divide in the catchment area of
the Munzur River. In this area, the Uzunçayır (including
Beypınar and Körmüşekler) and Sırım glaciers merged
to form the largest icefield on the high and vast erosional
surfaces located between the elevations of ~2200–3200 m

in the Munzurs. With the Meyvanlıgaban and Şoran outlet
glaciers, this icefield reached an area of ~125 km2. The
Meyvanlıgaban-Uzunçayırglacier was the largest glacier
system in the Munzurs. In this system, the glacier reached a
length of ~19 km starting from an elevation of 3235 m and
ending at an elevation of 1540 m. The glacier’s maximum
thickness is 291 m and it has an average thickness of 115
m, an area of ~65 km2, and a volume of ~7 km3. Mercan
and Şoran-Sırım in Eastern Munzur are two other large
glacier fields. The Mercan glacier was the second-longest
glacier with a length of ~17 km and a maximum thickness
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Figure 6. Glacio-geomorphological map of the Karagöl Valley.

of 300 m in the Munzurs. In contrast to the icefield
glacier Meyvanlıgaban-Uzunçayır, the Mercan Glacier is
characterized by numerous cirques and tributary glaciers,
making it the longest valley glacier system in the Munzurs.
In addition to the eight major glaciers, the long glacial
snouts that emerge from some cirques have a similar
appearance to the valley glacier. The number of glaciers of
this type was 25, and they had a considerable area of ~42
km2 and a volume of ~2 km3;13 of these 25 glaciers emerge
from cirques formed along a higher ridge of elevation
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3050–3200 m and extending southeast, south, and southwest.
In the Central Munzurs, the valley glaciation was well
developed. Except for the icefield glacier in the Kurudere
and Hiğdar glaciated areas, the glaciers generally formed
as valley glaciers in this area. This area has a total of 15
glacial valleys (Figure 9). While nine of these valleys head
north to the Karasu Basin, six head south to the Munzur
Basin. The Ziyaret glacier is the longest glacier with a
length of ~14 km. The most striking feature of this area
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Table 3. Results of the glacial reconstruction of the Munzurs.

Glaciated area

Maximum
length of ice (m)

Minimum
glacier terminus
elevation(m a.s.l.)

Max. glacier
Mean ice
elevation (m a.s.l.) thickness (m)

Maximum ice
thickness (m)

Area
(km2)

Volume
(km3)

Eastern Munzurs

18745

1525

3264

84

301

252

21.02

Central Munzurs

14394

1350

3343

70

288

303

21.27

Western Munzurs

7751

1571

3114

56

209

46

2.46

Overall

18745

1350

3343

75

301

601

44.76

Figure 7. Reconstructed 3D ice surface in the Eastern Munzurs during maximum ice extent.

is that the south-facing glaciers of the Kurudere, Ziyaret,
Karagöl, Mağaradere, and Aksu Valleys, which form part
of the Munzur Basin, descended the lowest elevations in
the Munzurs and reached the Ovacık Plain (Figure 9).The
glacier of the Aksu valley, the snout of which ended at an
elevation of 1350 m, descended to the lowest elevations in
the Munzurs.
The glaciers in the Central Munzurs were found to be
more extensive and voluminous than those in the other
sections. The glaciers in the Central Munzurs had an
area of ~300 km2 with a volume of ~21 km3. The average
glacial thickness was 70 m, and in the Naldöken Valley, the
maximum glacial thickness reached ~290 m (Figure 10).
The glaciers started to form an elevation of ~3340 m and
descended to 1350 m (Table 5). In the Central Munzurs, all
the valley glaciers are merged with adjacent glacial valleys
through cirque glaciers located in the higher altitudes of
the accumulation area. As a result of this merger, icefield

glaciers formed in the Kurudere–Hiğdar area, owing to
suitable topographic conditions. Except for Kurudere–
Hiğdar, excessive incision resulting in the absence of large
and flat erosion surfaces in the Central Munzurs restricted
the formation of icefield glaciers. When the Kurudere–
Hiğdar valleys are considered as one glacier system, where
icefield glaciers were in the adjacent uplands, the glacier
would extend ~20 km, one heading north and the other
south as two outlet glaciers. Similarly, the Ziyaret and
Sohmarik valley glaciers formed on the opposite slope of
the mountain were merged in the accumulation zone and
extended without interruption for ~23 km.
The valley glaciation is in the foreground in the Western
Munzurs. There are seven characteristic valley glaciers.
The glaciers began to form at an elevation of ~3110 m and
ended at an elevation of ~1570 m (Figure 11). As compared
to other areas, the glaciers’ areas (46 km2) and volumes (~3
km3) are relatively small. The average glacier thickness in
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Figure 8. Reconstructed ice thickness in the Eastern Munzurs.
Table 4. Results of the glacial reconstruction of the Eastern Munzurs.
Glacier valleys

Length of Glacier terminus Glacier head
Mean
Maximum
the ice (m) elevation (m a.s.l.) elevation (m a.s.l.) thickness (m) thickness (m)

Area
(km2)

Volume
(km3)

Geli

4761

1763

3066

66

212

3.52

0.22

Sevik

6657

1690

3184

75

230

5.33

0.40

Merk

10094

2012

3161

64

172

18.06

1.16

Tendürek

8476

2000

3117

47

149

15.09

0.73

Meyvanlıgaban- Uzun Çayır 18745

1539

3237

115

291

65.77

7.45

Mercan

1594

3152

87

301

38.37

3.34

17161

Şoran-Sırım

13375

1631

3192

100

249

59.73

5.78

Kurudere

7012

1525

3047

56

186

3.97

0.21

1774

3264

41

171

41.56

1.68

Others

the area is ~55 m (Figure 12).The longest glacier is the ~8km Bayramdere glacier (Table 6). The Hüdük, Başyazı,
Gavur, Killik, Bayramdere, and Ziyaretkeban valleys are in
the Karasu Basin, whereas the Pirhasan Glacier Valley is in
the Munzur Basin.
4.3. ELA reconstruction
The ELA for the Munzurs was calculated around 2600 ±
60 m using the AABR method and 2650 m with the AAR
method. The median glacier elevation (MGE) was found
to be 2775 m.
When the pELA was considered as 2560 ± 60 m by
using the AABR method, it was ~150 m below the ELA
of 2750 m calculated by Bilgin (1972) using the toe-to-
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summit altitude method and ~200 m below the ELA of
2790 m calculated by Yeşilyurt (2012) using the method
of cirque floor altitude (Table 7). The pELA calculations
were performed separately with respect to the mountain
sections and main divides (Table 8). In the western and
central sections of the mountains, the pELA is calculated
around 2580 ± 50 m. In the Eastern Munzurs, this value is
2620 ± 30 m. In the Western Munzurs’ south of the Main
Divide, there was only one small glaciated area called
the Pirhasan glacier with a pELA of 2590 ± 20 m, which
was found above the pELA of the north divide at 2580 ±
30 m. In contrast to the Western Munzurs, the glaciers in
the Central and Eastern Munzurs located to the north of
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Figure 9. Reconstructed 3D ice surface in the Central Munzurs during maximum ice extent.

the main divide had a higher pELA than the south divide.
However, the pELA was calculated as 2500 ± 30 m in the
Mercan Glacier located in the southern divide of the Eastern
Munzurs, which is the lowest pELA of the entire mountain
range. Today, the modern ELA lies within a range of 4000–
4250 m a.s.l. according to Messerli (1967) and 3600–3700
m according to Bilgin (1972). Bilgin (1972) studied the
Eastern and Central sections of the Munzurs in detail and
after comprehensive work, he asserted the modern ELA
values. On the other hand, Messerli’s calculations were
regional scale and not focused on the Munzurs. Therefore,
this study uses Bilgin’s calculation for modern ELA. The
pELA was therefore lowered by approximately 1000–1100
m from the modern ELA (Table 8).
4.4.Reconstruction of paleotemperature
Temperature–precipitation relationships have been
established at the ELA (e.g., Braithwaite, 1984; Ohmura
et al., 1992), thus allowing for the estimation of one of the
parameters, provided there is an independent estimate of
the other (e.g., Benn and Ballantyne, 2005). The methods

outlined in section 3.4 were used to obtain paleoclimate data.
According to these extrapolations, the average temperature
of the modern summer months (June, July, and August) at
the pELA (2600 ± 60 m) in the Munzurs is approximately 13
°C, and the annual precipitation is approximately1600 mm.
In terms of temperature, there are similarities between the
stations according to meteorological data. However, there is
a striking asymmetry in the rainfall totals (Tables 1 and 2).
If the current rainfall total remains the same as that in the
case of the maximum glacier extent, it is calculated that the
temperature should decrease by 10°C in order to maintain
this condition (Table 9). However, various scenarios are listed
in Table 9 wherein precipitation differs from the present
values. For example, if the precipitation was 20% higher
than the present precipitation, the temperature should be
9 °C lower than that of today, and if the precipitation was
50% higher, the temperature should decrease by 8 °C. On
the other hand, if precipitation was 10% to 20% lower than
that of today’s values, the temperature should decrease by
10 ° C to 11 °C, respectively.
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Figure 10. Reconstructed ice thickness in the Central Munzurs.

5. Discussion
Data obtained through our geomorphological map and
reconstruction indicate that the Munzurs had extensive
glaciations. In this respect, a decline in temperatures and/
or a substantial increase in total rainfall amount with
respect to today’s values was necessary to grow the glaciers
to this extent. During the glaciation periods, rainfall levels
might have been higher than they are now, up to 2050
mm around the higher peaks. Considering the annual
mean temperatures of the meteorological stations around
the Munzurs (Erzincan,10.8 °C; Kemah,10.8 °C; Ovacık,
9.6°C) and applying them to the environmental lapse
rate, the temperature values of the stations are found to
be similar. However, there is a striking asymmetry in the
rainfall totals. The Ovacık meteorological station located
in the southern area of the mountains has an average
annual precipitation of 898 mm, while the precipitation
levels at the Erzincan and Kemah meteorological stations
in the northern part of the mountains are 378 mm and
372 mm, respectively. Assuming that the rainfall patterns
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in the glacial age were the same as those of the present
rainfall pattern, the wet air masses that fed the glaciers
were likely to form primarily from the Mediterranean
sector in the southwest and ascended along the WSW–ENE
direction of the mountains, resulting in orographic rains
(Bayrakdar et al.,2015). The northerly wind originating
from the Black Sea sector may be considered ineffective
at producing precipitation in the Munzurs. The passage
of the fronts and related cyclones causes precipitation in
the coastal regions of the Black Sea during the winter;
eastern Anatolia, however, remains largely continental in
terms of climatic characteristics and becomes a divergence
area (Tatlı et. al., 2004). In some studies, it was suggested
that the LGM, southwestern coastal Turkey, and Eastern
Anatolia had a more humid and wet climate (Sarıkaya
et al., 2009; Sarıkaya and Çiner, 2015b; Ön and Özeren,
2019). In this case, considering the extensive glaciations
in the Munzurs, it can be concluded that the precipitation
in the Munzurs was not lower than the present values; on
the contrary, the mountains experienced a higher amount
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Table 5. Results of the glacial reconstruction of the Central Munzurs.
Glacier valleys

Length of
the ice (m)

Glacier terminus
elevation (m a.s.l.)

Glacier head
elevation (m a.s.l.)

Mean
thickness (m)

Maximum
thickness (m)

Area
(km2)

Volume
(km3)

Acemoğlu

13655

1385

3328

69

256

26.64

1.82

Kepir

4971

2080

2949

68

178

11.03

0.75

Aksu

12191

1350

3146

51

167

19.63

1.05

Kurikdere

12221

1725

3343

76

249

8.41

0.64

Naldöken

12485

1685

3251

103

288

19.19

1.99

Mağaradere

8271

1381

3185

40

168

8.98

0.33

Karagöl

13458

1366

3290

68

183

25.73

1.73

Kirazlıboğaz

10801

1552

3245

60

184

14.41

0.86

Babayurdu

9370

1869

3308

73

185

6.14

0.45

Ziyaret

14394

1383

3294

57

197

36.17

2.02

Moncuk

12276

1707

3272

77

207

15.71

1.22

Sohmarik

12976

1502

3217

66

224

27.56

1.83

Kurudere

11957

1490

3185

78

206

28.85

2.25

Karakur

5579

2033

3090

48

135

7.59

0.37

Hiğdar

14133

1911

3270

84

263

46.09

3.90

Figure 11. Reconstructed 3D ice surface in the Western Munzurs during maximum ice extent.

of rainfall than the present rainfall amount. It is estimated
that the temperature is approximately 8–10 °C lower than
the present when the glaciers in the Munzurs reached their
largest limits. These figures correspond to those of several
other mountains in Turkey (e.g., Sandıras, Akdağ, and
Kavuşşahap Mountains) (Sarıkaya et al., 2009; Sarıkaya et
al., 2014; Yeşilyurt et al., 2018).

These mountains, which extend mainly east–west, are
expected to display a strong aspect effect. In this respect,
the glaciers are expected to descend to lower elevations
on the north-facing slopes, while the glaciers in the south
are expected to end at higher elevations. However, the
morphological evidence shows that the glaciers heading to
the south are the ones that descend to the lower elevations,
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Figure 12. Reconstructed ice thickness in the Western Munzurs.
Table 6. Results of the glacial reconstruction of the Western Munzurs.
Glacier valleys

Length of
ice (m)

Glacier terminus
elevation (ma.s.l.)

Glacier head
elevation (ma.s.l.)

Mean
thickness (m)

Maximum
thickness (m)

Area
(km2)

Volume
(km3)

Hüdük

7278

2104

3114

76

193

15.2

1.12

Başyazı

4723

2059

3054

48

143

2.62

0.12

Gavur

4921

1952

3089

35

86

2.59

0.08

Killik

4660

1801

2748

49

148

5.8

0.28

Pirhasan

3881

1963

2944

32

94

2.02

0.06

Bayramdere

7751

1658

3053

50

166

10.79

0.54

Ziyaretkeban

6420

1571

3043

38

121

6.48

0.24

as in the case of the Aksu Dere Glacier (1350 m), in contrast
to those heading to the north. Aksu Dere is the glacier
with the third-lowest elevation that has descended in
Turkey after the Aladağlar (Zreda et al., 2011) and Bolkar
Mountains (Altın and Altın, 2005). This can be explained
to some extent by the fact that there is a higher precipitation
rate in the southern part that promotes the accumulation
of glaciers. Excessive solar radiation, however, can result
in increased glacial melt, thus contributing more water
to the base of the glaciers and resulting in the glaciers
moving faster and descending to lower elevations owing
to improved lubrication (Bennet and Glasser 2009).We
see similar situations at the elevations of the pELAs. In
the mountains, the pELA to the south of the main divide,
which is part of the catchment area of the Munzur River,
passes 60 m below that of the north. In this situation, we
concluded that the decrease in the orographic rainfall in
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the area from south to north resulted in a more efficient
feeding of the glaciers in the southern part, thus resulting
in a lower southern pELA. The topography was effective
on glacier types. While glaciers were formed as icefields in
higher places, corresponding to large erosion surfaces and
karstic depressions, they were cirques and valley glaciers
in dissected valley systems. The Meyvanlıgaban-Uzunçayır
and Sırım-Şoran icefield glaciers were found at broad and
high-erosion surfaces, and owing to limited dissection,
the number of cirques in this area is relatively low. In
contrast, the number of glacier cirques was higher in the
valley systems with many tributaries and deep incisions
such as those in the case of Mercan and Karagöl. The error
of the relationship defined by Ohmura’s equation is ±200
mm. While this error seems quite high, corresponding to
approximately ±15%, it is a powerful tool for estimating
paleoprecipitation.
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Table 7. pELA calculations for the Munzurs.
Area
(km2)

Glaciated area

Toe-tosummit
altitude (m)

Cirque floor
altitude (m)

MGE

AAR
(0.67)

AABR
(1.67)

AABR
(1.69)

AABR
(2.2)

Eastern Munzurs

252

-

-

2770

2650

2650

2620

2590

Central Munzurs

303

-

-

2805

2655

2575

2575

2525

Western Munzurs

46

-

-

2756

2646

2576

2576

2546

Overall

601

2750*

2790**

2775

2650

2595

2595

2565

*Bilgin, 1972; ** Yeşilyurt, 2012.
Table 8. pELA calculations according to sections and divides in the Munzurs.

Glaciated area

Entire
Munzurs

Central
Western
Western
Munzurs
Munzurs north Munzurs south
north of Main
of Main Divide of Main Divide
Divide

Eastern
Central
Munzurs
Munzurs
south of Main north of
Main Divide
Divide

Eastern
Munzurs
south of Main
Divide

AABR(1.69)

2595

2575

2535

2590

2588

2600

2650

AAR(0.67)

2655

2640

2668

2660

2632

2700

2560

MGE

2775

2756

2758

2780

2775

2770

2740

Contemporary ELA* 3600–3700
ELA lowering
from present**

1105–1005

*Bilgin, 1972; ** On the base of AABR(1.69).
Table 9. Simulated temperature change at the pELA during maximum glacier extent.
Precipitation
change (%)

Precipitation at
pELA(mm)

Summer mean temperature
at pELA (°C)

Temperature decrease from today’s
summer mean temperature at pELA (°C)

–20

1289

2.0

10.9

–10

1450

2.5

10.5

0

1611

3.0

10.0

10

1772

3.4

9.5

20

1933

3.8

9.1

30

2094

4.3

8.7

50

2416

5.2

7.8

6. Conclusions
The Munzurs are Turkey’s second-largest glacial field with
approximately 680 cirques and 30 glacial valley systems,
some of which have large tributaries. The glacial landforms
of this area were used in the glacial reconstruction by means
of GIS-supported tools. According to the reconstruction,
the glaciers occupied an area of approximately ~600 km2
when they reached their maximum ice extent. In the
uplands of the mountains, the paleoglaciers combined with

each other where topographic conditions were suitable.
While the glaciers were primarily developed in the form of
valley glaciers fed by cirque glaciers, they formed icefields
in topographically suitable places such as Hiğdar-Kurudere
in the Central Munzurs and Meyvanlıgaban-Uzunçayır
and Şoran-Sırım in the Eastern Munzurs. The valley
glaciation is well developed in areas where in advanced
valley systems exist at present owing to intensive dissection,
while icefields were formed in the paleokarst depressions
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and large erosion surfaces. The Meyvanligaban-Uzunçayır
(~19 km) and Mercan glaciers (~17 km) were the longest
glaciers in the Munzurs. In addition, there were 15 glaciers
having a length of more than 10 km. In the mountains, the
glaciers descended at the lowest elevation of 1350 m in the
south-orientated Aksu Valley. The average thickness of
the glaciers was 75 m, and the maximum glacial thickness
was 300 m in the Eastern Munzur’s Mercan Glacial Valley.
In this period, the total volume of the glaciers reached
~45 km3. The average pELA was calculated in the entire
mountain range as 2600 ± 60 m through the reconstruction
performed based on the AABR ratio of 1.69. This figure is
1000–1100 m below the modern ELA. The pELA to the
south of the main divide was found to be 60 m lower than
the northern divide. This is attributed to the occurrence of
a greater amount of rainfall in the southern divide resulting
from air masses from the southwestern sector ascending
the southern slopes of the mountain to produce orographic
rainfall that gradually decreased over the mountain from
south to north. According to the paleoclimate estimate, if
the precipitation conditions of glaciation are the same as
those of today, we concluded that the temperature should
be 10 °C lower than the present values, and assuming the
rainfall is 50% higher than today’s values, it is estimated
that the temperature should be ~8 °C lower than the
present value.
Appendix A. Supplementary material
In this paper, we followed the workflow outlined in the
supplementary material (GlaRe Use Handout) by Pellitero
et al. (2016):
The reconstruction refers to Late Pleistocene Glaciers
of the Munzurs, eastern Turkey. Frontal moraines have
been mapped and the glacier thickness and spatial extent
are reconstructed. Inputs for this reconstruction are: (i) a
10 m resolution DEM, (ii) the moraine limit, (iii) the initial
flowline network from the snout up to eight source cirques,
and (iv) the approximate spatial limit for the glacier (which
is simply estimated by the hydrological catchment except
near the snout, where a fronto-lateral moraine delimits
the true glacier). GlaRe requires that all its inputs have the
same projection and that values are expressed in meters.
Creating DEM: GlaRe requires the former glacier bed
topography, and a DEM topography raster is then necessary.
Therefore, a DEM was created from 10-m resolution digital
contour lines in ArcGIS.

Defining frontal moraines limits: Frontal moraines have
been identified through field studies, satellite images, and
1:25,000 scaled topo-maps such that the glacier thickness
and spatial extent were reconstructed.
Digitizing flowline: We used the DEM and topography
map to digitize the initial flow line network from the snout to
the glacier source areas such as cirques, as the ice thickness
will initially be calculated along a glacier flow line(s) and
then interpolated across the glacier’s entire surface.
Limiting former glacier: A polygon shape file that
represents the former glacier’s limit has been generated in
ArcGIS. The glacier’s approximate spatial limit is simply
estimated based on the hydrological catchment, except near
the snout, where a frontal or lateral moraine delineates the
true glacier.
Defining shear stress value in pascal along the flow line:
Field and experimental data show that τ should be within
the range of 50–150 kPa (Nye, 1952b) for a valley glacier
(Paterson, 1970) and up to 190 kPa for a cirque glacier
(Weertman, 1971). In an ideal situation, the ice surface is
reconstructed with a standard value of 100 kPa and then
τ is adjusted to fit the reconstructed 3D glacier surface to
the vertical ice thickness limit (e.g., lateral moraines or
trimlines) (Shilling and Hollin, 1981; Paterson, 1994; Benn
and Hulton, 2010). First, we defined the default or arbitrary
shear stress along the glacier valley and its tributaries in
suite for their respective locations. Then, the ice thickness
was checked based on the morphological map to the glacial
limits. The ice thickness was then adjusted to the glacial
limits by increasing or decreasing the basal shear stress
value (τb).
Interpolation method: The “Topo to raster” interpolation
tool integrated into ArcGIS was employed to generate the
glacier surface reconstruction.
Glacial reconstruction was initiated at the lower margin
of the glacier valley based on glacial evidence such as
moraines and trimlines and verified in accordance with the
limits of morphological units such as cirques, glacial valleys,
trimlines, moraines in the upper parts of the mountain,
tuning shear stress, and the F factor.
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